The cranial vasculature is essential for the survival and development of the central nervous system and is important in stroke and other brain pathologies. Cranial vessels form in a reproducible and evolutionarily conserved manner, but the process by which these vessels assemble and acquire their stereotypic patterning remains unclear. Here, we examine the stepwise assembly and patterning of the vascular network of the zebrafish hindbrain. The major artery supplying the hindbrain, the basilar artery, runs along the ventral keel of the hindbrain in all vertebrates. We show that this artery forms by a novel process of medial sprouting and migration of endothelial cells from a bilateral pair of primitive veins, the primordial hindbrain channels. Subsequently, a second wave of dorsal sprouting from the primordial hindbrain channels gives rise to angiogenic central arteries that penetrate into and innervate the hindbrain. The chemokine receptor cxcr4a is expressed in migrating endothelial cells of the primordial hindbrain channels, whereas its ligand cxcl12b is expressed in the hindbrain neural keel immediately adjacent to the assembling basilar artery. Knockdown of either cxcl12b or cxcr4a results in defects in basilar artery formation, showing that the assembly and patterning of this crucial artery depends on chemokine signaling.
INTRODUCTION
Brain vascular disease has become a topic of intensive study. A thorough knowledge of the developmental biology of cranial vessel formation is important for understanding both development of the central nervous system and cerebrovascular pathologies such as stroke and cerebral hemorrhage. Previous reports have suggested that the primary cranial vasculature is established by vasculogenesis (the assembly of new vessels from the migration and coalescence of mesoderm-derived angioblasts) (Lee et al., 2009) . Following the establishment of the primary cranial vessels, a more complex network develops via angiogenesis (the sprouting and growth of new vessels from pre-existing vessels) (Lee et al., 2009) . Examination of the vascular anatomy of the developing zebrafish embryo reveals an initial vascular plan that is well conserved compared with that of other developing vertebrates, including humans (Isogai et al., 2001 ). This conservation extends to the cranial vasculature. The basilar artery (BA) is the first and most important artery to form in the hindbrain. It assembles along the ventral keel of the hindbrain, directly between two primitive bilateral veins known as the primordial hindbrain channels (PHBCs). The BA is one of the most fundamental arteries in the vertebrate head, with many branches irrigating the cerebellum and brainstem. Irrigation of the neural tissues of the hindbrain is accomplished with the help of the slightly later-forming central arteries (CtAs), a set of vessels that penetrate the hindbrain and interconnect the BA and PHBCs. Like other vertebrates, zebrafish have a BA, PHBCs and CtAs, but the process by which these vessels are assembled and patterned has not been examined in detail in this or any other vertebrate model organism.
The patterning and assembly of other developing vessels have been studied in fish and in other model organisms. Work from a variety of animal models has highlighted the role of extraendothelial factors as guidance cues that direct the patterning of the developing vasculature, in an analogous manner to the way in which guidance cues direct axon migration and the patterning of the nervous system. The patterning of the trunk vasculature in the zebrafish is directed by a number of different cues. Signaling from midline structures is necessary for primary vascular patterning of the trunk dorsal aorta and cardinal vein (Zhong et al., 2000; Zhong et al., 2001; Lawson et al., 2003; Hong et al., 2006; Swift and Weinstein, 2009; Williams et al., 2010) , whereas positive and negative somite-derived molecules subsequently regulate the angiogenic growth of trunk intersegmental and parachordal vessels (Torres-Vazquez et al., 2004; Pollard et al., 2006; Wilson et al., 2006; Jones and Li, 2007) . These and other recent findings point to the important role of locale-specific patterning mechanisms for blood vessels. Investigating the guidance factors that function during brain vascular network assembly might help to bring a better understanding of the relationship between the development of the vasculature and the central nervous system.
The chemokines, which comprise a group of signaling molecules with important roles in cellular guidance, have recently been implicated in vascular development. Chemokines are vertebratespecific small (8) (9) (10) (11) (12) (13) (14) proteins that are categorized into four subgroups depending on conserved cysteine residues: C, CC, CXC and CX3C (Viola and Luster, 2008; Raz and Mahabaleshwar, 2009) . Chemokines interact with a smaller number of G-proteincoupled seven-transmembrane receptors. Chemokines have been classified into two broad functional categories: inflammatory and homeostatic. The former promote the migration of leukocytes to inflamed tissues, whereas the latter control homeostatic leukocyte trafficking and secondary lymphoid organ structure. Homeostatic chemokines are also involved in a wide variety of developmental migration events, including axon, lateral line, endoderm layer, primordial germ cell, neural crest cell and vascular endothelial cell migration (Olesnicky Killian et al., 2009; Raz and Mahabaleshwar, 2009; Siekmann et al., 2009) . Mice deficient for chemokine receptor 4 (CXCR4) or its ligand CXCL12 show specific defects in the gut vasculature (Nagasawa et al., 1996; Tachibana et al., 1998) . Zebrafish depleted of either Cxcr4a or Cxcl12b also develop defects in the formation of the anterior lateral dorsal aortae, which form adjacent to the pharynx (Siekmann et al., 2009) . Together, these studies suggest a role for chemokine signaling in the finetuning of locale-specific vascular patterning.
In this study, we show that the BA forms by a novel combination of angiogenesis-like and vasculogenesis-like processes. BA endothelial cells sprout and migrate from the PHBCs, a pair of preexisting bilateral primitive veins, in an angiogenesis-like manner. However, after reaching the hindbrain ventral keel, aligned cell clusters gradually lose connections to the PHBCs and the BA assembles entirely from these disconnected cells, without any contribution of cells from other vessels. These latter steps of BA formation are more reminiscent of vasculogenesis. The PHBCs are also the source of the CtA irrigating the hindbrain. CtAs sprout dorsally from the PHBCs, subsequently making connections to the newly formed BA. The zebrafish cxcr4 ortholog cxcr4a is expressed in PHBC endothelial cells, whereas one of its ligands, cxcl12b, is expressed in the anterior floor plate in juxtaposition to the assembling BA. Embryos deficient for cxcl12b and/or cxcr4a have defects in both BA formation and targeting of CtA connections to the BA. Together, our observations reveal a novel vascular assembly process during hindbrain vascular development, and show that chemokine signaling is involved in guiding the assembly of this vascular network.
MATERIALS AND METHODS

Zebrafish
Zebrafish (Danio rerio) embryos were obtained from the natural spawning of laboratory lines. Embryos were raised and fish maintained as described (Kimmel et al., 1995; Westerfield, 2000) . Zebrafish lines used were wildtype EK, Tg(fli1a:EGFP) y1 (Lawson and Weinstein, 2002), Tg(fli1a:nEGFP) y7 (Roman et al., 2002), Tg(kdrl:GFP) , Tg(gata:DsRed) , Tg(pax2a:EGFP) e1 (Picker et al., 2002), Tg(olig2:DsRed2) vu19 (Zannino and Appel, 2009), Tg(kdrl:mCherry-CAAX) y171 and Tg(kdrl:nlsmCherry) y173 . For imaging, embryos were either treated with 1-phenyl-2-thiourea (PTU) to inhibit pigment formation (Westerfield, 2000) or albino mutant fish were used as reported previously (Kamei and Weinstein, 2005) . To immobilize fish for time-lapse imaging they were either treated with tricaine or chrna1 mutant homozygotes were used (Sepich et al., 1994; Sepich et al., 1998) .
Cloning
cxcl12b and cxcr4a cDNA fragments for in situ hybridization were amplified using primers (5Ј to 3Ј) cxcl12b-F (ATCCTT GCT -TTGTGGTCCAG) and cxcl12b-R (TAGCGTTGTGTGACCAGAGG), cxcr4a-F (ACTTGCTGGAGACTGAAGGAG) and cxcr4a-R (TGCA -ATGGTCTACATAAGTGC), and cloned into pGEM-T (Promega) and pCRII-TOPO (Invitrogen) vectors, respectively. DIG-labeled antisense riboprobes were synthesized using the DIG Labeling Kit (Roche).
Plasmids containing full-length sequences of cxcl12b (cxcl12b/pExpress-1) and cxcr4a (cxcr4a/pME18S-FL3) were from Open Biosystems. The full-length sequence of cxcr4a was cloned into a pCS2+ vector or into a pDestTol2pA2 vector (Kwan et al., 2007; Villefranc et al., 2007) linked with EGFP via a 2A peptide sequence [a viral peptide sequence that contains an unstable peptide bond, resulting in the stoichiometric co-translational production of two separated proteins (Szymczak et al., 2004) ] downstream of the kdrl promoter. Capped mRNAs were synthesized using mMessage mMachine Kits (Ambion).
Whole-mount in situ hybridization and immunocytochemistry
RNA in situ hybridization was carried out as previously described (Pham et al., 2007) . Antisense mRNA probes for kdrl, cadherin 5, dab2, flt4 and dll4 were prepared as described (Fouquet et al., 1997; Thompson et al., 1998; Lawson et al., 2001; Larson et al., 2004; Siekmann and Lawson, 2007) . Immunostaining was performed as described (Matsuda and Chitnis, 2009) . Primary antibodies were mouse anti-zebrafish DeltaD (zdd2, Abcam) and rabbit anti-GFP (Invitrogen).
Microscopy
Transmission microscopic imaging of zebrafish embryos was performed using a Zeiss Axioplan 2 compound microscope equipped with a Dage SIT-68 camera. RNA in situ hybridization images were captured with a ProgRes C14 camera mounted on a Leica MZ12 stereomicroscope. Confocal microscopy of transgenic and immunostained embryos was performed using a Radiance 2000 imaging system (Bio-Rad) or a FluoView microscope (Olympus). Time-lapse sequential imaging was performed as described (Kamei and Weinstein, 2005) . The images shown in this paper are single-view two-dimensional reconstructions of z-stacks.
Microinjection
Morpholino (Gene Tools; see Table S1 in the supplementary material), DNA and mRNA injection were performed at the described doses into 1-to 2-cell stage embryos.
Chemical treatment of transgenic embryos
Dechorionated Tg (kdrl:mCherry-CAAX) y171 embryos were treated with either 10 M Vegfr2 kinase inhibitor III (SU5416, Calbiochem) or DMSO as a control. As previously reported (Covassin et al., 2006b ), SU5416 treatment prior to PHBC assembly results in defects in PHBC formation. Therefore, to specifically examine its effects on BA formation, SU5416 treatment began at 24 hpf, after the PHBCs were fully formed and carrying circulation, to ensure that the cells that normally migrate from the PHBCs to contribute to the BA were all present. Dechorionated Tg(fli1a:EGFP) y1 embryos were treated with either 30 or 60 M PI3K inhibitor (LY294002, Calbiochem) or DMSO control from 24 to 32 hpf.
Blastomere transplantation
Cell transplantation was performed as described (Westerfield, 2000) with the following modifications. Donor Tg(fli1a:EGFP) y1 embryos were injected at the 1-to 2-cell stage with Cascade Blue-conjugated dextran (D1976, Molecular Probes) as a lineage tracer and with either cxcr4a-MO2 or control MO. Host Tg(kdrl:mCherry-CAAX) y171 embryos were injected at the 1-to 2-cell stage with either cxcr4a-MO2 or control MO. About 20-40 cells were transplanted from donor embryos to the margin of host embryos at sphere stage. The endothelial cell contribution of transplanted cells was assessed by visualization of EGFP expression. Embryos with non-endothelial contribution in the hindbrain area were excluded by visualization of Cascade Blue.
Endothelial cell migration assay
Primary human umbilical vein endothelial cells (HUVECs; C2517A, Lonza) were maintained in the endothelial cell medium EGM-2 BulletKit (CC-3162, Lonza) and then starved overnight before the migration assay. HUVEC migration was evaluated by a modified Boyden chamber assay. SDF-1 (StemCell Technologies) was diluted to the indicated concentrations in DMEM containing 0.5% BSA. The cells were suspended in DMEM containing 0.5% BSA and 50 l (2.5ϫ10 4 cells/well) was loaded into the upper compartment. The cells were pretreated with either 1 M Cxcr4 inhibitor (AMD3100, Sigma), 10 M PI3K inhibitor (LY294002, Calbiochem) or no inhibitor for 30 minutes before the migration assay. After incubation for 2.5 or 5 hours at 37°C in 5% CO 2 , the cells were fixed in methanol and stained with Eosin and Hematoxylin.
The cells that migrated to the lower surface of the filters were counted. Eight visual fields were randomly chosen for each assay in order to calculate the average number of migrating cells.
RESULTS
Vascular anatomy of the developing hindbrain
The vasculature of the hindbrain begins as a simple set of vessels, but rapidly develops into a more complex network (Fig. 1A-L) . By 24 hours post-fertilization (hpf) a pair of bilateral primitive veins, the PHBCs, come online to either side of the ventral-lateral hindbrain. These vessels form above the lateral dorsal aortae (LDA) and medial to the otic vesicles (Fig. 1C) . The LDA are part of the pharyngeal vasculature, forming serial connections to the developing aortic arches to help supply cranial blood flow, but they are not a part of the brain circulatory system per se. Initially, PHBCs provide the main venous return path for the primitive cranial circulation (Fig. 1D-F) . By 36 hpf, a new arterial vessel, the BA, appears below the ventral keel of the hindbrain ( Fig. 1G-I ). This vessel initially appears as the fused extension of two anterior vessels known as the posterior communicating segments (PCSs) as previously described (Isogai et al., 2001) . With continued development, the BA extends further caudally, eventually running along the entire length of the hindbrain. Throughout this stage, direct connections between the PHBCs and the BA are evident on 1707 RESEARCH ARTICLE Hindbrain vascular patterning By 60 hpf, a new network of dorsally projecting vessels, the CtAs, has formed to interconnect the PHBCs and BA (Fig. 1J-L) . Unlike the BA and PHBCs, which are adjacent to, but outside of, the hindbrain, these arch-shaped vessels penetrate up into the hindbrain tissue itself (Fig. 1M,N) . The most rostral set of CtAs connects the PCSs (Fig. 1I ) and PHBCs on either side, whereas the more caudal CtAs all connect the BA and PHBCs. The CtAs exhibit a regular pattern of projection from the PHBCs that is reminiscent of the metamerically repeating pattern of the trunk intersegmental vessels (ISVs). The trunk and the hindbrain are both divided into repeating anatomical units: somites in the trunk, rhombomeres for the hindbrain. The ISVs run along intersomitic boundaries. Whole-mount double immunostaining of 60 hpf Tg(fli1a: EGFP) y1 embryos using an anti-DeltaD antibody (Matsuda and Chitnis, 2009 ) to label rhombomere paraboundaries and an anti-GFP antibody to label blood vessels revealed that a CtA projects through the center of each rhombomere, but not along the boundaries ( Fig. 1O ,P). We confirmed this by examining Tg(kdrl:mCherry-CAAX) y171 ; Tg(pax2a:GFP) e1 double-transgenic zebrafish embryos, which express membrane-localized mCherry in blood vessels and GFP in the third and fifth rhombomeres (see Fig.  S2 in the supplementary material). CtAs were detected initially through the center of the third rhombomere (r3), then through the center of other rhombomeres slightly later. As noted above, the most rostral (r2) CtAs connect to the two PCSs, whereas more caudal CtAs (r3 through r7) connect to the BA (Fig. 1Q,R) .
Assembly of the hindbrain vasculature
We performed time-lapse imaging using Tg(fli1a: EGFP) y1 , Tg(fli1a:nEGFP) y7 or Tg(kdrl:GFP) embryos to examine how the BA and CtAs assemble ( Fig. 2A-F from the medial walls of the PHBCs and grow towards the midline ( Fig. 2A,B and see Movie 1 in the supplementary material). By 28 hpf, the sprouts from either side start to meet at the midline, and by 30 hpf the endothelial cells that have reached the midline start to align longitudinally and extend further caudalward (red), beginning BA formation. By 36 hpf, the rostral tip of the BA connects with the two PCSs (yellow) and the BA becomes lumenized and starts to carry circulation. As noted above, the initial connections to the PHBCs (green) start to be lost once the BA has assembled, with the peak number of ventral connections to the PHBCs found at approximately 33 hpf (see Fig. S1 in the supplementary material) . A few of these ventral connections persist for some time, providing early venous drainage for the BA, although these also disappear at later stages (Isogai et al., 2001) . We examined the cellular contribution to the BA by performing time-lapse imaging using Tg(fli1a:nEGFP) y7 transgenic embryos, which express a nucleartargeted EGFP in endothelial cells permitting tracing of the migration and division of individual endothelial cell nuclei ( Fig. 2C and see Movie 2 in the supplementary material). These experiments confirmed that the endothelial cells forming the BA all migrate from the PHBCs, losing their connections to the PHBCs once assembly of the BA is complete.
CtA sprouts emerge from the dorsal walls of the PHBCs by 30 hpf ( Fig. 2A ,D and see Movies 1 and 3 in the supplementary material). The first sprouts usually appear in r3, with more caudal CtA sprouts appearing sequentially thereafter. The sprouts grow dorsally through the center of each rhombomere, then turn medially after having traveled approximately two-thirds dorsally through the rhombomere. CtA sprouts do not cross the midline. The r3 CtA then turns ventrally and connects to the BA (Fig. 2E and see Movie 4 in the supplementary material). Other CtAs also connect to the BA at slightly later stages (Fig. 3A,B) , after first anastamosing with r3 and other CtAs at their dorsal-most point ( Fig. 1Q and see Movie 1 in the supplementary material). CtAs are generated entirely by sprouting and growth from the PHBCs, with eventual connection to the BA; no sprouts emerge from the BA. Interestingly, growing CtAs appeared to avoid oligodendrocyte progenitor cells and abducens motor neuron precursors in the medial ventral area of r5 and r6, suggesting that these neuronal clusters might provide negative cues for CtA growth (Fig. 3C,D) .
In order to examine whether circulatory flow plays a role in the assembly and patterning of either the BA or the CtA, we injected morpholino antisense oligonucleotide (MO) that targets cardiac troponin T2a (tnnt2a) mRNA into Tg(fli1a:EGFP) y1 zebrafish embryos. Embryos deficient in tnnt2a have a nonfunctional 'silent heart' and are routinely used for assessment of the role of circulatory flow in the development of other tissues (Sehnert et al., 2002) . We found that the patterning of the BA and CtAs was not significantly altered by lack of circulatory flow, although most vessels appeared thinner, probably owing to a lack of intravascular pressure and/or defects in lumenization (Fig. 3E-H) .
Taken together, our results indicate that the BA is formed by medialward sprouting and migration of endothelial cells from preexisting veins -the PHBCs. Once migration is complete, BA endothelial cells become disconnected from their source and the BA develops as a completely separate artery. The formation of the BA thus bears resemblance to both angiogenesis (sprouting from pre-existing vessels) and vasculogenesis (formation of new vessels by coalescence of migratory angioblast progenitors). By contrast, the CtAs appear to develop exclusively via sprouting angiogenesis, with all sprouts emerging from the PHBCs dorsally.
Acquisition of arterial identity during basilar artery formation
We examined the staged expression of markers of arterial or venous endothelial identity using RNA in situ hybridization to study the acquisition of arterial identity during BA formation. The panendothelial markers kdrl and cadherin 5 were expressed throughout the cranial vasculature, including the PHBCs, BA and LDAs (see Fig. S3A-H in the supplementary material) . The PHBC has a venous molecular identity and expressed the venous molecular markers flt4 and dab2 at 1 day post-fertilization (dpf) (see Fig. S3I -P in the supplementary material) (Bussmann et al., 2007; Jin et al., 2007) . flt4 expression was detected in the PHBCs during BA formation, but was absent from the BA and other arteries such as ; Tg(olig2:DsRed2) vu19 double-transgenic embryo, showing DsRed2-positive neuroepithelial precursors (red) and EGFP-positive blood vessels (green). The CtAs in r5 and r6 (arrows) appear to turn away from and avoid the nearby Olig2 + clusters. (E-H)CtAs are patterned normally in tnnt2a MO-injected 'silent heart' animals that lack blood circulation. Confocal images of the hindbrain vasculature in 34 (E,F) and 60 (G,H) hpf Tg(fli1a:EGFP) y1 control (E,G) or tnnt2a (F,H) MO-injected zebrafish embryos. BA, red arrowheads; CtAs, purple arrowheads. Dorsal view, rostral to the left. Scale bars: 50m. the LDA. dab2 was weakly expressed in the LDAs (see Fig.  S3M ,N in the supplementary material) but much more strongly expressed in the PHBCs (see Fig. S3O in the supplementary material). Interestingly, dab2 expression was reduced in central and caudal portions of the PHBCs at 32 hpf, during BA formation (see Fig. S3P in the supplementary material) . At the same time, the arterial marker dll4 (Leslie et al., 2007) was expressed in the cranial arteries, including the LDAs (see Fig. S3S in the supplementary material) and began to be expressed in some cells in the central PHBCs as well as in the newly forming BA (see Fig.  S3R ,T in the supplementary material). These expression patterns suggest that some endothelial cells in the PHBCs lose their venous identity and acquire arterial and/or tip cell identity before migrating to form the BA.
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VEGF signaling is required for basilar artery formation VEGF signaling has been exhaustively demonstrated as absolutely required for vessel formation during both vasculogenesis and angiogenesis in multiple models. Zebrafish cranial vessel formation is not an exception. Embryos injected with MOs targeting vegfc or flt4 have defects in PHBC formation (Covassin et al., 2006a) . Combined loss of flt4 (vegfr3) and kdrl (kdra), one of two vegfr2 orthologs in zebrafish, exacerbates this phenotype, and treatment with the VEGF signaling inhibitor SU5416 prevents PHBC formation (Covassin et al., 2006a) . Embryos lacking three Vegf receptors [Kdrl, Kdr (Kdrb) and Flt4] show the most severe lack of cranial veins (Covassin et al., 2006a) .
Since PHBC defects would secondarily affect later BA formation, we treated embryos with SU5416 from 24 to 30 hpf, after the PHBCs have assembled, to attempt to identify the functional requirement for VEGF signaling during BA formation from PHBC-derived endothelial progenitors. We found that the formation of both BA and CtAs was abolished in SU5416-treated embryos (see Fig. S4 in the supplementary material) . These results indicate that VEGF signaling at later stages is also required for BA and CtA formation, although reduced enlargement of the PHBC by endothelial proliferation was also noted in 24-30 hpf SU5416-treated animals (see Fig. S4 in the supplementary material).
Chemokine signaling is required for hindbrain vascular patterning
To explore the molecular cues directing hindbrain vascular patterning, we examined a variety of genes implicated in guidance processes to see whether the spatial and temporal expression patterns of any of these genes would suggest a potential role in guiding the formation of either the BA or CtA. During the stages of BA formation, the chemokine ligand cxcl12b is expressed in the anterior floor plate and its putative receptor cxcr4a is expressed in the PHBCs. Hindbrain floor plate expression of cxcl12b was strong at 32 hpf as the BA is assembling at the midline, but was absent at 24 hpf and weaker at 52 hpf (Fig. 4A-F) . In addition to floor plate expression (arrows in Fig. 4B ,E and see Fig. S5A ,C in the supplementary material), cxcl12b was also expressed in the pharyngeal endoderm just ventrolateral to the LDA (arrowheads in Fig. 4A ,D and see Fig. S5A ,C in the supplementary material). As previously reported (Siekmann et al., 2009) , pharyngeal endoderm provides a 'track' that links together rostral and caudal portions of the developing LDA. cxcr4a is expressed in cranial endothelial cells (Fig. 4G-L) . At 24 hpf, cxcr4a expression was detected in the LDAs (arrowheads in Fig. 4G ,J) and pharyngeal arches (arrows in Fig. 4G,J (Fig. 4I,L) . Together, the expression data show that during BA assembly, cxcl12b is expressed in the ventral midline of the hindbrain, whereas its receptor cxcr4a is expressed in the newly forming BA and in the PHBCs from which BA progenitors emerge, suggesting that Cxcl12b-Cxcr4a signaling might play a role in BA formation.
To determine whether Cxcl12b-Cxcr4a chemokine signaling is required for BA formation, we utilized MOs to knock down Cxcl12b and/or Cxcr4a in Tg(fli1a:EGFP) y1 animals. We used cxcl12b and cxcr4a MOs (cxcl12b-MO1, cxcr4a-MO1) previously shown to be effective in knocking down their respective gene products (Knaut et al., 2003; Siekmann et al., 2009) . We also verified our results using two additional MOs against each gene (cxcl12b-MO2, cxcr4a-MO2), which yielded essentially indistinguishable phenotypes. Embryos injected with cxcl12b-MO2, cxcr4a-MO2, or both MOs together at half doses of each ('double MO'), appeared morphologically normal compared with their control MO-injected siblings (Fig.  5A,D,G,J) . A previous report (Siekmann et al., 2009) demonstrated that embryos mutated for cxcr4a or injected with a cxcl12b or cxcr4a MO develop comparable defects in anterior LDA formation. In agreement with this previous report, we observed analogous defects in LDA formation upon cxcl12b-MO2, cxcr4a-MO2, or double MO injections, verifying the efficacy of our MOs and confirming that Cxcl12b-Cxcr4a signaling is crucial for proper LDA formation (see Fig. S6 in the supplementary material).
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Development 138 (9) Formation of the PHBC and trunk blood vessels was normal at 24 hpf in each morphant, but defects in BA formation became evident by 30 hpf (Fig. 5B,E ,H,K,M and see Fig. S7A in the supplementary material). The emergence, medial migration and midline alignment of sprouts from the PHBCs were impaired at 30 hpf in animals injected with full doses of cxcl12b-MO2 or cxcr4a-MO2, or double MO. By 36 hpf, sprouts emerged from the PHBCs in most morphants, but the majority of these sprouts failed to migrate to the midline, align or form a lumenized BA (Fig.  5C,F,I ,L,N and see Fig. S7B in the supplementary material) . The MO phenotypes were dose dependent, with strong synergy in double MO-injected animals (Fig. 5M,N) . In addition to failing to assemble the BA, PHBC sprouts in cxcr4a MO-injected and/or cxcl12b MO-injected animals were often misdirected, with abnormal connections to the incomplete LDA (Fig. 6 and see Movies 5 and 6 in the supplementary material). Our observations at these two different time points suggest that Cxcl12b-Cxcr4a chemokine signaling functions for both the induction of BA sprouts and their guidance to the midline.
Defects in CtA formation were also noted in animals injected with cxcl12b MO, cxcr4a MO or double MO. CtAs sprouted normally from the dorsal aspect of the PHBCs at 30 hpf, but the sprouts failed to reach the BA at 42 hpf, when the CtAs in r3 should become connected to the BA. However, it is not clear whether the defects in CtA targeting to the ventral midline reflect a direct requirement for midline chemokine signaling or a failure to properly form the ultimate target for CtA connection, the BA. To examine the correlation, MO-injected animals were scored and grouped by their BA phenotype at 36 hpf (sprout, disorganized, aligned, lumenized) and then rescored at 42 hpf for r3 CtA phenotypes (link in r3, midward, or dorsalward). We found that the groups of animals with stronger BA phenotypes were also those with more dramatic r3 CtA phenotypes (see Fig. S8 in the supplementary material).
We performed mRNA rescue experiments to verify that the vascular defects in cxcr4a MO-injected animals reflect a genuine functional requirement for chemokine signaling. We injected cxcr4a-MO2 into Tg(fli1a: EGFP) y1 animals with or without coinjection of wild-type cxcr4a mRNA and assessed medial-lateral sprouting of the PHBC at 30 hpf. PHBC sprouting was almost completely rescued in mRNA-injected animals, compared with only ~55% sprouting in sibling animals injected with cxcr4a-MO2 alone (Fig. 7A) .
We also carried out additional experiments to verify that the BA defects in cxcr4a MO-injected animals reflect an endothelial cellautonomous requirement for chemokine signaling. We co-injected cxcr4a-MO2 into Tg(kdrl:mCherry-CAAX) y171 or Tg(kdrl:nlsmCherry) y173 embryos together with a kdrl:egfp-2A-cxcr4a transgene or a control kdrl:egfp transgene, and measured the number of transgene-expressing endothelial cells migrating medially from the PHBCs (Fig. 7B-E) . The percentage of transgene-expressing medially migrating endothelial cells was increased in kdrl:egfp-2A-cxcr4a transgene-injected animals as compared with control kdrl:egfp transgene-injected animals, demonstrating that endothelialautonomous restoration of Cxcr4a function is sufficient to promote medial migration of PHBC endothelial cells in cxcr4a morphants (Fig. 7F) . We also performed blastomere transplantation experiments to further verify the endothelial cell-autonomous requirement for chemokine signaling during BA migration (Fig. 7G-K) . Donor Tg(fli1a: EGFP) y1 embryos (to mark donor-derived endothelial cells) were co-injected with either cxcr4a-MO2 or control MO plus Cascade Blue-conjugated dextran (to mark all donor-derived cells). Host Tg (kdrl:mCherry-CAAX) y171 embryos (to mark host endothelial cells), were injected with either cxcr4a-MO2 or control MO. The percentage of transplanted medially migrating PHBC endothelial cells was increased when the cells were derived from a wild-type donor, irrespective of whether the host embryo was Cxcr4a positive (Fig. 7K) .
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It has been reported that the migration of endothelial progenitor cells is mediated by CXCR4 via the PI3K/Akt/eNOS signal transduction pathway (Zheng et al., 2007) . To examine the migration behavior and PI3K requirement of differentiated endothelial cells in response to CXCL12 stimulation, we performed a migration assay using human umbilical vein endothelial cells (HUVECs), which are known to express CXCR4 (Volin et al., 1998) . Human recombinant SDF-1 (CXCL12) induced HUVEC migration in a dose-dependent manner (see Fig. S9A in the supplementary material). SDF-1-induced migration was inhibited by treatment with the CXCR4-specific peptide antagonist AMD3100 or the PI3K inhibitor LY294002, indicating that SDF-1-induced endothelial migration is promoted specifically via its receptor CXCR4 through the PI3K signaling pathway (see Fig.  S9B in the supplementary material) . To evaluate the functional role of PI3K in vivo during BA migration, Tg(fli1a:EGFP) y1 zebrafish embryos were treated with LY294002 from 24 to 32 hpf. BA migration was arrested in LY294002-treated embryos (see Fig.  S9C ,D in the supplementary material). Taken together, these results demonstrate that the PI3K signal transduction pathway plays an important role as a downstream component in both SDF-1-induced HUVEC migration and Cxcl12-Cxcr4-induced BA assembly.
DISCUSSION
In this study, we examined the assembly and patterning of the vascular network of the vertebrate hindbrain. A related study in this same issue also examines the mechanisms of hindbrain vascular development using the zebrafish (Bussmann et al., 2011) . We have previously described the vascular anatomy of the developing zebrafish by microangiography, a method that permits visualization of patent vessels connected to the circulation, but not vessels in the RESEARCH ARTICLE Development 138 (9) process of assembling (Isogai et al., 2001) . The primitive hindbrain vasculature consists of two bilateral longitudinal veins running ventral-lateral to the hindbrain and medial to the otic capsule (the PHBCs), a single medial longitudinal artery at the ventral keel of the hindbrain (the BA), and a network of dorsally projecting smaller vessels that penetrate the hindbrain proper and interconnect the three primary ventral vessels (the CtAs). The PHBCs are formed during primary vasculogenesis from mesoderm-derived angioblasts. In this report, we show that the BA assembles by a novel hybrid vasculogenesis/angiogenesis process from endothelial cells that emerge in an initial wave of medialward sprouting from the PHBCs. We further show that the CtAs develop exclusively via sprouting angiogenesis, also from the PHBCs, in a second wave of dorsalward sprouting. The CtAs form in a metamerically repeating pattern with a single CtA projecting upward through the center of each rhombomere on either side of the hindbrain. Our results demonstrate that, like the trunk vasculature, the hindbrain vasculature forms in a stereotyped, stepwise fashion.
The PHBCs serve as the main routes for venous drainage from the head from the initiation of cranial circulation at approximately 1 dpf until approximately 2.5 dpf, when the primary head sinuses (PHS) take the place of the PHBCs (Isogai et al., 2001) . Our time-lapse imaging results show clearly that the PHBCs are the only source of endothelial cells populating the BA. Recent genetic studies support the venous identity of the PHBCs, showing that these vessels express known venous molecular markers, such as flt4 and dab2 (Bussmann et al., 2007; Jin et al., 2007) . Our observations reveal that endothelial cells in certain portions of the PHBC lose venous identity and adopt arterial and/or tip cell identity during BA formation, indicating that the PHBC acquires mixed arterial-venous character. Classical anatomical studies suggest that the BA in humans is derived from paired arterial vessels termed the bilateral longitudinal neural arteries [LNAs (Padget, 1956) ]. The paired LNAs are located at the medial edge of two bilateral vascular plexuses, the lateral edges of which form the PHBCs. The medial edges of the LNAs migrate to the midline and undergo 'zippering together' to form a single midline BA. The lateral edges of the LNA gradually detach most venous connections from the PHBC, a transient structure that is almost immediately superseded in function by the PHS. Thus, the resolution of the vascular plexus containing the PHBC and LNA to form the BA in humans has strong parallels to BA development from the PHBC in zebrafish, although zebrafish embryos do not form a plexus during BA assembly.
The differences and similarities between BA formation in the human and zebrafish hindbrain are also reminiscent of the differences in trunk dorsal aorta assembly between zebrafish, mammals and avians. During zebrafish development, the dorsal aorta forms from lateral mesodermal angioblasts that migrate medially and assemble into a single midline vascular tube. In mammals and avians, paired lateral dorsal aortae assemble at the medial edge of the bilateral primitive venous plexuses, subsequently merging together medially to form a single midline aorta and losing most venous connections (Coffin and Poole, 1988; Coffin et al., 1991; DeRuiter et al., 1993) . As noted previously (Isogai et al., 2001 ), many vessel assembly processes seem 'accelerated' in the fish compared with mammals, with some intermediate stages of vascular development in mammals, such as plexus formation or the appearance of bilateral paired BAs or dorsal aortae, skipped over in the fish. There are other similarities and some notable differences between the formation of the hindbrain vascular network described here and the process of trunk vascular network assembly that we reported on previously (Isogai et al., 2003) . As in the trunk vasculature, two successive waves of vascular sprouting occur in the hindbrain during vascular network assembly. In the trunk these comprise the primary and secondary ISVs; in the hindbrain these generate the BA and CtAs. In the case of the trunk, the two waves of sprouts emerge from different axial vessels: first, the dorsal aorta, and then the posterior cardinal vein. In the case of the hindbrain, both sets of sprouts emerge from the same vessels, the PHBCs, although the direction of sprouting with respect to one another is perpendicular. Hindbrain CtAs and trunk ISVs both sprout and grow in a metamerically repeating pattern. In the case of trunk ISVs, the vessels form along the somite boundaries, whereas in the hindbrain the CtAs grow through the center of the rhombomeres, not along their boundaries.
In the trunk, vascular assembly and patterning are directed by a number of positive and negative cues. Vegfa expressed throughout the somites provides a pro-angiogenic cue that promotes dorsalward ISV sprouting and growth from the dorsal aorta. Type 3 semaphorins expressed in the central regions of the somites provide a repulsive signal for ISV endothelial cells, restricting their migration along the somite boundaries (Torres-Vazquez et al., 2004) . Laminin matrix deposited along the intersomitic boundaries acts as an additional permissive cue, helping to promote ISV growth along intersomitic boundaries (Pollard et al., 2006) . Our understanding of the cues that direct the assembly and patterning of the brain vasculature is more limited at this point. We have shown that VEGF signaling is required for both PHBC and BA formation. We have also shown that BA assembly requires ventral neural midline expression of chemokine ligands and endothelial expression of the chemokine receptor. Our data also suggest that chemokine-directed migration and alignment are mediated via the PI3K signaling pathway. Chemokine signaling does not appear to be absolutely required for angiogenic sprouting from the PHBC, as medial and dorsal waves of sprouting from the PHBC both still take place in animals injected with cxcr4a MO or cxcl12b MO. PHBC sprouting is inhibited in these animals, but recovers somewhat after a delay.
MO-injected animals do show a strong defect in endothelial cell migration from the PHBC and in the alignment of endothelial cells at the ventral neural keel to assemble a BA. A previous study reported that Cxcl12 gradients promote endothelial cell clustering, but that once endothelial cells contact each other Ephrin B2-EphB4 contributes to subsequent cell movement and alignment into cordlike structures (Salvucci et al., 2006) . In the absence of proper chemokine signaling, one might therefore expect abnormal patterns of endothelial cell clustering, alignment and cord formation to arise as endothelial sprouts come into contact in aberrant ways. Indeed, we observe abnormal connections between PHBC-derived and LDAderived sprouts in animals injected with cxcr4a MO and/or cxcl12b MO. As in other vertebrates, zebrafish LDAs normally only link indirectly to the BA via LDA-primitive internal carotid artery (PICA)-PCS-BA (Isogai et al., 2001) . However, because the PHBC and LDA develop in reasonably close proximity to one another, misdirected sprouts from each of these vessels probably readily come into contact with endothelial cells from the other, then proceed to further alignment and lumenization, stabilizing abnormal connections. As noted above, the cranial CtAs also originate by sprouting from the PHBC, growing first dorsally, then medially, then ventrally to make connections to the BA. Although the BA does not generate any CtA sprouts itself, it serves as the target for PHBCderived CtA connection, and this targeting is also disrupted in animals injected with cxcr4a MO or cxcl12b MO. However, as we have shown, it is not possible for us to determine whether CtA defects reflect a direct requirement for chemokine signaling to target CtA sprouts to the BA, or an indirect consequence of improper BA formation and/or defects in some BA-derived targeting cue. Further studies will be required to dissect out these and other later functions of chemokine signaling in vascular development.
